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Abstract 
Great attention has been drawn to topological superconductivity due to its 
potential application in topological quantum computing. Meanwhile, pressure is 
regarded as a powerful tool for tuning electronic structure and even inducing 
superconductivity in topological insulators. As a well-defined topological insulator, 
Bi2Te2.1Se0.9 can be a suitable candidate to search for topological superconductivity 
and study its intrinsic property. In this paper, we report the occurrence of 
superconductivity and electronic topological transition (ETT) in  Bi2Te2.1Se0.9 with 
applied pressure. Superconductivity can be observed at 2.4 GPa with the Tconset around 
6.6 K in Bi2Te2.1Se0.9 by resistance measurement, and the corresponding structure 
resolved by X-ray diffraction and Raman experiments doesn't change below the 
pressure of 8.4 GPa. Moreover, at about 3.0 GPa, the abnormal changes of c/a as well 
as the full width at half maximum (FWHM) of
1
1g
A mode indicate the occurrence of 
electronic topological transition (ETT). These results suggest that superconductivity 
can be realized in doped topological insulator Bi2Te2.1Se0.9 in the low-pressure 
rhombohedral phase. 
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Introduction 
Many efforts have been devoted to A2B3 (A = Bi, Sb; B = Se, Te) type compounds 
because of their unique quintuple layered crystal structures,1,2 and exceptional 
thermoelectric properties.3-5 Among these compounds, Bi2Te3, Bi2Se3, and Sb2Te3 are 
theoretically predicted to be topological insulators,6,7 and verified by experiments 
later.8-10 Topological insulators are new states of quantum matter which have 
time-reversal symmetry protected surface or edge states residing in the bulk insulating 
gap.6,11 In close analogy to the theory of topological insulator, topological 
superconductor is described as a full pairing gap in the bulk and topologically 
protected gapless surface states consisting of Majorana fermions.11-13 Topological 
superconductors have drawn great attention because of its potential applications in 
topological quantum computing. Topological superconductors can be expected in 
topological insulators by chemical doping or applying pressure. The 
superconductivity of topological insulators was achieved in copper intercalated Bi2Se3 
at ambient pressure, resulting in superconductivity with critical transition temperature 
Tc at 3.8 K.14 However, the maximal doping content of Cu is only 15%, and the 
sample may contain two phases (superconducting phase, topological insulator phase) 
inside the structure. Moreover, the nature of the bulk superconductivity is still 
controversial. Although the bulk superconductivity was signatured by the zero-bias 
peak in a point contact measurement,15 the STM study suggests the electron pairing in 
CuxBi2Se3 seems to be topological trivial,16 and the ARPES experiments did not 
resolve any superconducting gap neither in the bulk band nor in the surface state.17 
Compared with doping, applying external pressure is more effective in tuning the 
crystal and electronic structures of materials without introducing impurities, which 
can induce superconductivity and even raises of Tc.18,19 Recently, a lot of reports have 
been done to search for superconductivity in topological insulators using 
high-pressure techniques. Zhu et al.20 performed high-pressure studies on Sb2Te3, and 
found superconductivity occurred at about 4.0 GPa with Tc of around 3.0 K without 
crystal structural transition. The superconductivity of compound Bi2Te3 was realized 
at P>6.3 GPa in the 1970s and the phenomenon was reproduced in 2010.21,22 Bi2Te3 
was reinvestigated by Zhang et al.23 using high-pressure techniques, and Bi2Te3 
became superconductivity at about 3.0-6.0 GPa, and the crystal structure maintained 
the ambient phase judged by the X-ray diffraction (XRD) experimental result. Further 
calculation showed that the electronic structure maintained topological nontrivial state 
when the superconductivity occurred. The K. Matsubayashi group also did the similar 
experiments on Bi2Te3 using high-pressure techniques, however, they did not observe 
any trace of superconductivity in the ambient phase, which they attribute to different 
pressure conditions.24 For Bi2Se3, superconductivity was also observed at about 12.0 
GPa, however, in the high-pressure phases.25,26 Thus, whether pressure can induce 
superconductivity in topological insulators without structural phase transition is still 
controversial. Bi2Te2.1Se0.9 is the solid solution of Bi2Te3 and Bi2Se3 topological 
insulators, which is isostructural to Bi2Te3 and Bi2Se3. It is also a well-defined 
topological insulator and shows very good thermoelectric performance.27 In this paper, 
we report the discovery of electronic topological transition (ETT) and 
superconductivity (SC) in Bi2Te2.1Se0.9 induced by high pressure. The sharp drop of 
resistance to zero clearly shows the superconductivity of Bi2Te2.1Se0.9 in the ambient 
phase. The structural evolution and vibrational modes properties of Bi2Te2.1Se0.9 under 
pressure are also investigated and discussed. The nonmonotonous changes of Tc verse 
pressure shows close relationship with the crystal structural evolution, which will be 
discussed in detail. 
 
 
 
 
 
 
 
 
Experimental Details  
The elements, Bi, Te, and Se (99.5%, Alfa Aesar Co.) were weighted according to 
the molecular formula Bi2Te2.1Se0.9. After thoroughly grounded and pressed into a 
pellet, the mixture was loaded into quartz tube sealed under vacuum degree of 10-4 Pa. 
Then, the quartz tube was put into muffle heated with the rate of 5K/min to 1073 K, 
and keep the temperature for 12 hours to get pure phase of Bi2Te2.1Se0.9. The ingot 
was grounded to powder of nanoscale and compacted by vacuum hot-pressing furnace 
at a pressure of 55 MPa for 0.5 h. The sample was polycrystal with a relative density 
above 99.7% of the theoretically density. The crystal phase of sample was confirmed 
by X-ray diffraction at room temperature using Cu Kalpha radiation. 
The high-pressure electrical transport properties were investigated using the 
standard four-probe method in a diamond anvil cell (DAC) made of CuBe alloy, Slim 
Pt wires of 10 um in diameter were used as electrodes.28 A T301 stainless steel gasket 
covered with fine cubic BN powder was used to insulate the electrode from the gasket. 
The low temperature measurements ware performed in Physical Property 
Measurement System (PPMS). High-pressure XRD and Raman measurements were 
performed using diamond anvil cells with a diameter culet of 300 um, and T301 
stainless steel plates were used as gaskets. We used the standard ruby fluorescence 
method to calculate pressures in the sample chamber.29 Renishaw inVia Raman 
microscope using standard backscattering geometry was used to carry out Raman 
measurements. A diode pumped solid state laser with the wavelength of 532 nm was 
applied to excite the sample, and the output power is 10 mW. The spectral resolution 
of Raman system was around 1 cm-1. In situ high-pressure angle-dispersive X-ray 
diffraction (ADXRD) experiments were performed on the 4W2 beamline at the High 
Pressure Station of the Beijing Synchrotron Radiation Facility (BSRF) with a 
wavelength of 0.6199 Å. The average acquisition time was 300 s. The sample to 
detector distance and geometric parameters were calibrated using a CeO2 standard. A 
MAR345 image plate detector was used to collect the diffraction patterns, and the 
two-dimensional XRD images were converted to one-dimensional intensity versus 
diffraction angle 2-theta patterns using FIT2D software.30 High-pressure structural 
information was obtained by using Rietveld refinement method combined in the 
GSAS package31. 
 
RESULTS AND DISCUSSION 
Electronic transport properties 
Figure 1 shows the temperature dependent resistance of Bi2Te2.1Se0.9 at various 
pressures up to about 34.5 GPa, and similar resistance taken at ambient pressure is 
shown in the inset. Bi2Te2.1Se0.9 exhibits metallic behaviors at ambient pressure, 
which may be due to crystal imperfections, and the metallic behavior can also be 
found in Bi2Te3.24 When pressure is increased to about 2.4 GPa, a clear drop of 
resistance to zero occurs with a narrow transition width of about 0.5 K, which 
indicates that a superconducting transition emerges in Bi2Te2.1Se0.9, and the onset of 
transition temperature Tconset is about 6.6 K. Here, the Tconset is defined as the 
intersection of two extrapolated lines, one is resistance in the normal state just above 
the drop in resistance, and the other is the superconducting transition line. With 
further increasing pressure to 18.3 GPa, a high Tc phase gradually emerges with Tconset 
value of 8.9 K. Under the pressure of 22.9 GPa, only high Tc phase with sharp 
transition can be observed, indicating it becomes dominant, and the emergence of 
high Tc phase may be induced by structural transition, which will be discussed later. It 
seems that the two superconducting phases coexist in the pressure range of about 
18.3-22.9 GPa. The coexistence of superconducting phases can also be found in other 
materials,18,20 which may be due to the inhomogeneity of the material and the 
nonhydrostatic stress in the sample champer.18,32 With further compression, the Tconset 
value shows very weak changes up to 34.5 GPa, the highest pressure in our electrical 
transport measurement. It is worth noting that at 28.9 GPa, in the low temperature 
region, the normal state resistance curve shows an upturning behavior. The reason for 
this low temperature resistance upturning behavior is still puzzling, which may due to 
the disorder effect, especially when the normal state is a bad metal.18 Interestingly, in 
the low pressure region, the upturning phenomenon cannot be found, which means the 
metallic behavior of Bi2Te2.1Se0.9 is suppressed and shows semiconducting like 
behavior in the normal state, which is distinct from the previously reports.18,33,34 
 
Figure 1. Temperature dependent resistance of Bi2Te2.1Se0.9 at various pressures in the 
temperature range 2-14 K. The inset shows the resistance of Bi2Te2.1Se0.9 at 1 atm in 
the temperature of 2-300 K. 
 
High-pressure structural evolution 
In order to explore the structural behavior as well as the relationship between 
crystal structure and superconductivity of Bi2Te2.1Se0.9 at high pressures, we 
performed high-pressure Raman scattering and XRD studies on Bi2Te2.1Se0.9 up to 
27.0 and 36.3 GPa, respectively. Raman spectroscopy is a powerful tool to study the 
vibrational properties and electron-phonon coupling in layered Bi2Se3 and Bi2Te3.35 
For Bi2Se3, Bi2Te3, Sb2Te3, and their solid solutions, the space group is R-3m. Three 
quintuple layers stacked by van der Waal's forces in a unit cell, each quintuple layer is 
an alternate arrangement of five atomic layers. Te(1)-Bi-Te(2)-Bi-Te(1), and Te atoms 
exhibit two different chemical environment (Te(1), Te(2)). The chemical bonding 
between Bi and Te(2) is pure covalent nature, while it exhibits slightly ionic but still 
covalent in nature for chemical bonding between Bi and Te(1).36,37 For the Bi2Te3-xSex 
compounds, since Se atoms are more electronegative than Te atoms, Se atoms will 
first occupy the Te(2) sites, and then display a random replacements of atoms at Te(1) 
sites.36,37 For Bi2Te2.1Se0.9 (x = 0.9), the doping amount of Se is small, so Se atoms 
will occupy Te(2) sites only. The schematic diagram in Figure 2(b) shows the three 
Raman active modes. There are 5 atoms in a primitive cell, so 15 dynamical modes 
exist at the center of Brillouin zone, among which 12 are the optical modes and other 
3 are the acoustic modes. 
 
Figure 2. (a) The Raman spectra of Bi2Te2.1Se0.9 at different pressures. (b) Pressure 
dependence of the Raman modes. (c) Full width at half maximum for
1
1g
A mode versus 
pressure. 
At ambient condition, three Raman active modes can be observed, which can be 
assigned as 
1
1g
A (62 cm-1), 
2
g
E (104 cm-1), and 
2
1g
A (141 cm-1) based on literature.38 
The lowest 
1
g
E  mode (at around 36 cm-1 ) cannot be observed because of its low 
intensity and instrument restriction. 
g
E modes correspond to atom vibrations in the 
plane of the layers, while the 
1g
A modes correspond to vibrations along the c axis 
perpendicular to the layers.39 When pressure is increased to 11.8 GPa, abrupt changes 
occur in the Raman pattern, for example, the 
1
1g
A and 
2
1g
A modes disappeared, and the 
intensity of 
2
g
E shows great reduction, which indicates a phase transition. Figure 2(b) 
shows the pressure dependence of vibrational frequencies of the three Raman modes. 
The Raman modes shift to high frequency with increasing pressure, which is due to 
the decrease in bond distances and increase in effective force constants.40 With further 
compression to 20.7 GPa, no Raman modes can be observed, suggesting the 
occurrence of high symmetrized structure, which persists to the highest pressure of 
27.0 GPa in our Raman measurement. The change of full width at half maximum 
(FWHM) of 
1
1g
A with pressure is shown in Figure 2(c), and changes of the slope occur 
at about 3.0 GPa, which is induced by the electronic topological transition (ETT) and 
this phenomenon can be observed in a lot of materials.41,42 The high-pressure XRD 
patterns of Bi2Te2.1Se0.9 up to 36.3 GPa are depicted in Figure S1. X-ray diffraction is 
believed as a direct and efficient tool to probe the changes of long-range structure of 
crystal. With increasing pressure, the diffraction peaks shift to higher two-theta angles. 
This can be explained by the reduced distances of crystal planes and the shrinkage of 
unit cell volume with applied pressure. Upon compression to 8.4 GPa, there are 
several changes in the XRD patterns, including the number, intensity, and shape of the 
diffraction peaks, indicating the occurrence of a structural transition. Upon further 
compression to 13.3 GPa, the original strongest peak (marked by a down-facing arrow) 
of phase I disappears and the new peak of phase II (marked by a up-facing arrow) 
becomes the strongest peak, indicating that the transformation is complete and the 
existence of pure phase of phase II. When pressure is increased up to 13.8 GPa, a new 
peak marked by a solid circle emerges, which indicates another phase transition and 
the emergence of the new phase III. At 17.7 GPa, a new peak marked by a rhombus 
appears, indicating the emergence of a new phase IV. It is worth noting that the 
intensities of peaks of phase II and phase III become weaker and weaker due to the 
thinning sample. With pressure increased to 22.9 GPa, the diffraction peaks of phase 
II disappear completely, however, the coexistence phases III and IV persists to the 
highest pressure 36.3 GPa in our experiment. Upon releasing pressure, the crystal 
structure return to phase I, suggesting the reversibility of the phase transitions. The 
large pressure range where the three phases (phases II, III, IV) coexist may be due to 
the pressure transmitting medium used. In this experiment, the silicon oil is used as 
pressure medium, while the hydrostatic limit of silicone oil has been reported to be 
around 7.0 GPa.43,44 At higher pressure conditions, the pressure gradient will increase, 
which will have influence on phase transition.37 The structural evolution of 
Bi2Te2.1Se0.9 is consistent with those of Bi2Te3 and Bi2Se323-26 except the pressure 
range of coexistence of high-pressure phases. Both Raman and XRD measurements 
provide consistent evidence for the pressure induced phase transitions. 
 
 
Figure 3. Rietveld refinements of the XRD patterns at different pressures, (a) 0.6, (b) 
13.3, (c) 21.2, and (d) 36.3 GPa, respectively. The corresponding crystal structure of 
the four phases are shown in the insets. The solid red lines and open black circles 
represent the Rietveld fits for the simulated and observed data, respectively, and the 
solid black lines at the bottom are the residual intensities. The vertical bars indicate 
the peak positions. XRD pattern in panel (c) is a mixture of phases II, III, and IV. 
We refined the XRD patterns to obtain the accurate crystal structures of various 
Bi2Te2.1Se0.9 phases. Figures 3(a)-(d) show the Rietveld refinements of XRD patterns 
at different pressures, and the crystal structures of the four phases are shown in the 
inset. Figure 3(a) shows the refinement at 0.6 GPa, and it can be indexed with the 
space group R-3m, which agrees well with the reported result.38 At 13.3 GPa, the 
crystal structure of phase I transforms to that of II completely, the refinement [Figure 
3(b)] of XRD pattern at 13.3 GPa resolves a pure phase, with C2m symmetry. When 
pressure is increased to 21.2 GPa, according to the XRD pattern, we can see XRD 
peaks from phases II, phase III, and IV, which indicates that the material is a mixture 
of three phases (II+III+IV). The refinement [Figure. 3(c)] at 21.2 GPa shows the 
mixture of the three high-pressure phases, which agrees with the observed XRD 
pattern, and the phase III has a C2/c symmetry. With further compression to 36.3 GPa, 
we can see a small peak at around 2θ=12.0°, which belongs to phase III. We refine the 
pattern at 36.3 GPa by excluding this peak, and the refinement [Figure. 3(d)] shows 
that phase IV can be indexed to a bcc unit cell (occupancy: 0.4 for Bi and 0.6 for Te 
and Se) within this structure. Bi, Te, and Se atoms are disordered to randomly share 
the bcc lattice sites, forming a Bi-Te-Se substitutional alloy. 
 
Electronic topological transition 
 
 
Figure 4. The pressure dependent (a) lattice parameters a and c axes and (b) c/a 
values in phase I. (c) The experimental volume of per atom versus pressure for phases 
I, II, III, and IV. The reduced pressure (d) H, (e) Ha, (f) Hc versus Eulerian strain fE. 
Linear fits are performed to the data points in two regions for (d), (e), and the whole 
region for (f). The c parameter is unaffected by the ETT. 
Figure 4(a) shows the evolution of lattice parameters a and c in Bi2Te2.1Se0.9 as a 
function of pressure up to about 13.0 GPa. Figure 4(c) shows the pressure dependence 
of unit cell of per atom up to 36.3 GPa, we can observe obvious discontinuity at 
several pressure points where phase transitions occur. Recent high-pressure studies 
reveal the pressure induced electronic topological transition in Bi2Te3, Bi2Se3, and 
Sb2Te3.45-47 Electronic topological transition (ETT) is characterized as a 2.5 order 
transition,48 which is driven by pressure, temperature, doping, and etc., resulting in 
variations in topology of the Fermi surface that changes the electronic density of the 
surface near the Fermi energy. No discontinuity of the volume(first derivative of the 
Gibbs free energy ) can be seen but variations of the second derivative of the Gibbs 
free energy, such as compressibility, is expected. Moreover, phonon softening and 
transport properties anomalies may also be observed during ETT.49 It is shown that a 
clear change in c/a ratio behaviors, but without volume discontinuity around the ETT 
in the in Bi2Te3, Bi2Se3, and Sb2Te3 under pressure.45-47 We also observed similar 
changes in Bi2Te2.1Se0.9 at about 3.0 GPa [ Figures 4(b) and 4(c)]. To confirm whether 
an ETT occurs in Bi2Te2.1Se0.9, we performed a linearization of the BM-EOS vs the 
Eulerian strain: 
                                                  '0 0 0
3 ( 4)
2 E
H B B B f                         (1) 
Where 0B denotes the isothermal bulk modulus,
'
0B is the first pressure derivative of the 
bulk modulus, 
                                                    5
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is the reduced pressure, and 
                                                 
2 1
3E
Xf                                                  (3) 
is the Eulerian strain, with 
                                                    10 3( )VX
V
                                                 (4) 
where  0V  is the volume per atom at ambient pressure, and  V is the volume per atom 
at pressure P given in GPa. 
The reduced pressure H vs the Eulerian strain Ef should be linear, if there is no 
transition. Figure 4(d) shows the reduced pressure H as a function of Eulerian strain 
Ef , we can see clear change at about 3.0 GPa, indicating the presence of an ETT. 
Figures 4(e) and 4(f) show the H(fE) plot for the a(Ha) and c(Hc) axes, respectively. In 
this case, we replace Eq.(4) either by Xa = (a0/a) or Xc = (c0/c). Noted that the ETT 
has different effects on a and c axis, there is a kink in the slop of Ha, while the 
pressure dependence of Hc is completely unaffected, which indicates that the 
compressibility perpendicular to the layers shows great change after ETT, while the 
compressibility parallel the layers is constant. The abnormal behavior of a axis under 
pressure indicate that evolution of c/a ratio is a good probe of ETT. The changes in 
the slopes of H and Ha vs pressure give solid evidence for the pressure induced ETT at 
about 3.0 GPa in Bi2Te2.1Se0.9, which is consistent with the changes in the slope of 
FWHM as a function of pressure. 
 
 
Figure 5. The evolutions of Tconset and the crystal structure as a function of pressure. 
The empty circle at about 1.0 GPa is the depressed data. 
Figure 5 presents the evolutions of the Tconset values and structural evolution of 
Bi2Te2.1Se0.9 as a function of pressure up to 37.0 GPa. Below 10.5 GPa, the Tconset 
values gradually drop down with increasing pressure, and reach about 4.7 K at 10.5 
GPa. However, average pressure deviation is different between 2.4-6.6 GPa and 
8.7-10.5 GPa regions, which may be due to the structural transition occurrence at 8.4 
GPa. With further compression to 14.3 GPa, the Tc shows sudden increase to about 5.3 
K, which is corresponding to the structural transition occurs at 13.8 GPa. When 
pressure is further increased to 18.3 GPa, a high-Tc phase appears, which is in 
accordance with the structural change at about 17.7 GPa, and there are two 
superconducting phases coexisting at this pressure. However, when pressure increases 
to 22.9 GPa, the superconducting transition becomes shape again, indicating the 
dominant proportion of high-Tc phase. With further compression, the high-Tc values 
show slight changes at around 8.9 K. 
 
 
 
 
 
CONCLUSION 
In summary, we have explored the high-pressure behaviors of Bi2Te2.1Se0.9, using 
X-ray diffraction, Raman scattering, and electrical resistance measurements. 
Superconductivity can be observed at 2.4 GPa with the Tconset of about 6.6 K in 
Bi2Te2.1Se0.9 by electrical resistance measurement. While X-ray diffraction and Raman 
experiments indicate that the first crystal phase transition occurs at about 8.4 GPa, 
which is much larger than the pressure value where superconductivity arises. 
Moreover, at about 3.0 GPa, the abnormal changes of c/a ratio as well as the full 
width at half maximum (FWHM) of 
1
1
g
A mode indicate the occurrence of electronic 
topological transition (ETT). These results indicate that superconductivity can be 
achieved in doped compound Bi2Te2.1Se0.9 in the low-pressure rhombohedral phase. 
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Supporting Information 
 
Figure S1. Representative X-ray diffraction patterns of Bi2Te2.1Se0.9 at different 
pressures. The peaks marked by asterisks, rhombuses and solid circles indicate the 
start of new phases. The up-facing arrow and down-facing arrow indicate the 
intensities of the peaks become stronger or weaker with increasing pressure. 
 
 
